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We explain how a SU(Nc) gauge theory, decoupled from the standard model and
with a high-lying strong coupling scale, can incorporate apparently unrelated cosmo-
logical features, such as Inflation and dark matter, using well-understood dynamics
from Quark-Gluon Plasma Physics. In our scenario, the evolution of the universe is
throughoutly hot: Inflation occurs due to the bulk viscosity peak during the mixed
phase to deconfinement, while dark matter is composed of weakly interacting glue-
balls formed in the same phase. We parametrize the temperature dependence of the
EoS and the viscosity expected from gauge theory, solve the Friedmann-Robertson-
Walker (FRW) equations and compute the number of efoldings as a function of the
free parameters of the model.
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2I. INTRODUCTION
Cosmology, the study of the origin of the universe [1, 2, 32], has recently been character-
ized by an intriguing combination of phenomenological success and theoretical ambiguity.
The so-called Λ-CDM model has fitted most of the universe’s macroscopic characteristics
with just a few parameters, including gravitating but not otherwise interacting “dark mat-
ter” and an anomalously gravitating dark energy [3]. The inflationary paradigm [4] has
eliminated the necessity of fine-tuning to explain the global structure of spacetime, produc-
ing a nearly-homogeneous and nearly flat universe from generic initial conditions via an early
exponentially expanding phase driven by a dynamically changing “temporary cosmological
constant”. These parameters explain a wide variety of both present and past features, from
galaxy rotation curves to structure formation.
However, at the moment, this phenomenological paradigm severely lacks a particle physics
underpinning. For instance, we have no idea of what the composition of dark matter is. It has
yet to be directly detected and models where it appears naturally, such as supersymmetry,
have failed to be experimentally confirmed. Within phenomenological models, dark matter
is just assumed to be a dust of heavy but non-interacting particles, with residual interactions
more and more tightly constrained experimentally [5].
Similarly, no one knows what is the nature of “the inflaton”. Its theoretical formulation is
understood, at a semiclassical level, to be that of a nearly-flat (“slow-rolling”) false vacuum
plateau, with a true vacuum where our universe moved after Inflation and stabilized after
reheating. No currently-known particle has the required characteristics for reproducing this
behaviour and there is quite a lot of numerical evidence [6] that the quantum structure of
such a theory is not well-defined.
This theoretical ambiguity requires new thinking, in particular whether different kinds
of physics are capable of reproducing the same scenario. Here, natural candidates are non-
abelian gauge theories. Unlike scalar field theories, there is little doubt about their funda-
mental mathematical and theoretical soundness [7, 8] and although their main qualitative
features, notably confinement, are not rigorously derived from the Yang-Mills Lagrangian,
there is a consensus regarding their basic nature. Crucially, this nature is “universal”, that
is, common to a family of theories which share basic properties such as asymptotic freedom.
Concurrently, the heavy ion program [9–11] has done a great deal to elucidate the equilib-
3rium and transport properties of these theories, on both a theoretical and a phenomenological
level.
In this work, after a coincise overview of the thermal and transport properties of Yang-
Mills theories, we shall argue that a Yang-Mills theory with a large number of colors (Nc > 3)
and no flavors [12, 13], with a strong-coupling scale of at least order TeV, could provide a
scenario to explain several independent features of standard cosmology. We then focus on
Inflation and try to see how it could emerge in such a model [14].
II. A REVIEW OF SU(Nc) PURE GAUGE THEORIES
A. Basic theory and phase structure
Confining pure Gauge theories (Gauge group SU(Nc) with no fermions) have been exten-
sively studied, as they provide a much simplified, both analytically and numerically but still
qualitatively, similar model to QCD [8, 12, 13]. The Lagrangian of this theory is simply:
L = −
1
4λYM(Q)
Tr
(
F µνaF aµν
)
, F aµν = ∂µA
a
ν − ∂νA
a
µ + i
λYM(Q)
NC
∑
b,c
fabcAbµA
c
ν (1)
where Aµa are gluon fields; Nc stands for the free parameter number of colours; f
ijk are the
structure constants associated with the SU(Nc) group [13] and λYM(Q) is a bare coupling
constant defined at a momentum scale Q, in a thermal system, usually the temperature T .
There are two fundamental parameters of this theory, which for the purposes here can be
thought of as independent. The first is Nc, the number of colors, which specifies the gauge
group and it is evident in the choice of Lagrangian. The second parameter is absent in the
classical Lagrangian but it appears when the theory is quantized as the scale at which the
coupling of the theory becomes relevant, ΛYM . Since λYM(Q → ∞) → 0, there must be a
scale ΛYM for which λYM(ΛYM) ∼ 1. While for QCD this scale is approximately 10
2 MeV,
generically it is an arbitrary parameter. Particularly, in the case where the Nc → ∞ limit
is reached continuously, ΛYM is independent of Nc [12]. This limit seems to be reached very
fast for pure gauge theory [13], although for theories with fermions its structure is more
complicated [15]. In this work, we consider a case where ΛYM ∼ TeV .
The theory without fundamental fermions is characterized by a deconfinement transition
4[16, 17] between two phases: a plasma of O (N2c ) massless gluons where the Lagrangian (1)
is manifest and a gas of massive glueballs [19–21]. The lightest of those particles has a mass
of the order of the phase transition temperature (Tc), spin zero and no color dependence.
In the ’t Hooft limit [12, 13] they are also weakly interacting, with a coupling proportional
to N−1c . We note that physical SU(3) QCD has a goldstone light mode, the pion, due to
the presence of light quarks and, consequently, chiral symmetry. Therefore, the evidence
against a light dark matter particle (“hot” dark matter) means that we must assume the
hidden gauge theory has no light flavors.
The full equation of state of the system is sketched in Fig. 2. For pure gauge theory, the
emergence of a Z(Nc) theory, with the Polyakov loop as an expectation value [22], ensures
that at large Nc the phase transition is of first-order. In-between around the critical temper-
ature, the nature of the effective degrees of freedom is unclear - they may be quasiparticles
[23], Hagedorn states [24] or thermal excitations [25] - but it is reasonable to suppose they
interact strongly.
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FIG. 1. As schematic representation of the mass gap (left panel) and coupling constant (right
panel) as a function of temperature for Yang-Mills matter
The scale ΛYM determines, up to a factor O (1) calculable on the lattice [8], both the
phase transition temperature Tc and the mass of the confined low-lying state mh. These two
quantities can be determined logarithmically from the magnitude of the coupling constant
at the renormalization UV scale, typically taken to be the Planck scale. In our theory, ΛYM
also represents the scale of both Inflation and the formation of dark matter, hence it has
to be of the order of TeV, although still much smaller than the Planck scale, to ensure
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FIG. 2. Energy density (left panel) and speed of sound (right panel) as a function of temperature
for Yang-Mills matter
consistency with semiclassical gravity [18]. Thus, neglecting higher spin Regge excitations,
the effective Lagrangian is [12, 19–21]:
Lh =
1
2
∂µφ∂
µφ−
1
2
m2hφ
2 −
∞∑
n=3
O
(
1
Nnc
)(
p
Λym
)n
φn + ... (2)
It represents weak interactions for low-temperature systems such as the present universe.
The equation of state of the system describes a massless gas at T > Tc and a massive
gas at T < Tc, both weakly interacting. The thermodynamics of both these systems is
well-known [16], such that at T ≫ Tc, the EoS will be given by:
pg(T ) = eg(T )/3 + fe(λYM , T )− B (3)
eg(T ) ∼ N
2
c T
4 + fp(λYM , T ) +B (4)
B2 ∼ pg(Tc)− ph(Tc) ∼ N
2
CΛYM (5)
where pg and ph stand respectively for the gluon and hadron, in this case the glueball,
pressure and eg for the gluon energy density. B represents the bag constant (latent heat),
fe(λYM , T ) and fp(λYM , T ) are interaction terms, non-trivial to calculate [26, 27] but can
be neglected within an order-of-magnitude calculation.
At T < Tc, the EoS is given by [16]:
6ph(T ) =
m2hT
2
2π2
K2
(mh
T
)
+
∑
n>4
O
((
T
NcΛYM
)n)
, (6)
eh(T ) =
m2hT
2π2
[
K2
(mh
T
)
T −
mh
2
(
K1
(mh
T
)
+K3
(mh
T
))]
+
∑
n>4
O
((
T
NcΛYM
)n)
(7)
where K1, K2 and K3 are modified Bessel functions and the summation is of order four.
B. The transport properties
Around the critical temperature Tc, the theory is expected to be strongly coupled. Thus,
the shear viscosity η and the relaxation time τpi should be small. Particularly, from quantum
mechanics and string theory arguments [28, 29], one expects η/s ∼ O (10−2) and τpi ∼ η/(sT )
[10], where s is the entropy density. We also note that η/s is generally irrelevant for a nearly
homogeneous solution since shear gradients vanish for this solution. The effect of these
anisotropies might however have a relevance for modern dark energy [30].
The behaviour of bulk viscosity is however non-trivial and might have crucial phenomeno-
logical consequences, both in heavy ion collisions and in cosmology. From symmetry argu-
ments as well as quantitative calculations, it is generally agreed [31] that ζ/s is vanishing
at T ≫ Tc. However, at T ∼ Tc, the system is strongly interacting and it is in the vicinity
of a phase transition with formation of condensates. One should remember that while shear
viscosity depends on momentum transport, hence on elastic reactions, bulk viscosity is more
dependent on diffusion across the diagonal of the energy momentum tensor, thus, on the
thermalization time of inelastic reactions [32, 33]. Therefore, when condensates form, it is
natural to expect bulk viscosity to peak even when shear viscosity is small [34–36].
In the SU(2) case, this peak should diverges around the deconfinement second order phase
transition due to the sensitiveness of the Polyakov loop expectation value to T around Tc.
However, for all SU(Nc > 2) cases, the deconfinement transition is of first order and the Tc
centered peak does not diverge [37–39]. Although its height and width dependence on Nc are
not clear, it is reasonable to expect that the peak height goes as the chemical thermalization
timescale, which is sensitive to the difference in entropies of the gluonic and hadronic phases
during their coexistence period, this is, N2c . It is also not clear, from fundamental arguments,
how the peak width changes as a function of Nc. Bulk viscosity of a mixture of two phases
is additive [33], which should reduce the width below ∼ N2c scaling.
7For a high enough peak, hydrodynamics solutions such as the Hubble expansion become
unstable against small perturbations [35, 36]. This scenario, when viscous forces overwhelm
advective forces in the zero chemical potential limit, can be an indication that hydrody-
namics fails as an effective theory. However, this is not the case here, because momentum
equilibration happens fast and the lack of chemical equilibrium is related to the presence of
a phase transition. Furthermore, the experimental evidence from heavy ion collisions [9–11]
suggests that matter around Tc continues to behave as a very good fluid independently of
the existence of a bulk viscosity peak.
In summary, the likely behavior of the shear and bulk viscosities for SU(Nc) theories is
shown in Fig. (3): bulk viscosity has a Gaussian-like peak around Tc, while shear viscosity
has a dip in the same region. The Gaussian peak is likely to be very sharp around Tc,
while the dip goes up logarithmically with temperature [28]. Below deconfinement, shear
viscosity is large, while bulk viscosity is small because the glueballs are infinitely massive
and non-interacting. Using the weakly coupled Lagrangian in the previous section (equation
2), we expect:
η
s
∼
ΛYM
T 2
,
ζ
s
∼
T
ΛYM
(8)
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FIG. 3. Conjectured behavior of the shear (right panel) and bulk viscosity (left panel) as a function
of temperature for Yang-Mills matter
8III. COSMOLOGY WITH A HIDDEN SU(Nc)
A. Introduction
From the discussion of the previous section, we saw that a hidden SU(Nc) sector with
ΛYM ≥ 1 TeV could potentially provide several of the ingredients normally used to con-
struct cosmological models naturally. If, as argued in [34, 35], at T ∼ Tc bulk viscosity
overwhelms advective pressure but hydrodynamics continues to work, the effective pressure
will be negative, as noted before [40].
Thus, a peak in bulk viscosity as well as a mixed phase during confinement could naturally
provide the large cosmological constant needed for Inflation. Glueballs could be a suitable
candidate for dark matter and the small bulk viscosity of glueball’s self-interactions could
account for dark energy, switching on only recently. All of these features would be dictated
by the single scale ΛYM .
Admittedly, this scenario is very different from standard cosmology [2]. There, the uni-
verse starts out cold in a semiclassical field configuration dominated by the vacuum energy,
then it finds the true vacuum while converting that energy into thermally distributed parti-
cles via reheating. Here, expansion proceeds from an initial Planck temperature and all of
the history of the universe is reproduced by changes in the equation of state and transport
coefficients. From our vantage point, this scenario could look very similar to the cosmological
standard model for all observables.
We note that a similar inflationary model was already explored in [41], where the QCD
phase transition would be responsible for a negative pressure driving Inflation. However,
as the authors found out, the scales of Inflation and of the QCD deconfinement transition
did not match by orders of magnitude, hence the need for a QCD-like beyond the standard
model theory.
In this context, during the pre-inflationary era, between temperatures TP ∼ G
−1/2 and
T ∼ ΛYM , the universe would be composed of a hot plasma of N
2
C “gluons” of the hidden
sector plus standard model matter and radiation. The contribution of the latter to the total
entropy density is expected to be subdominant for large Nc. As T → Tc, this plasma would
become a good fluid, in local thermal equilibrium. In this regime, thermal fluctuations are
approximately Poissonian (1
e
de
dx
∼ T ) and bulk viscosity is negligible.
9As T = Tc, the bulk viscosity shoots up, so the effective pressure becomes:
p− ζ(T ≃ Tc)
a˙
a
≪ 0 (9)
where a is the cosmological scale factor. Intuition from transport theory would imply that
if the effective pressure is negative then the Knudsen number is large, thus, terms beyond
shear and bulk viscosity (from Israel-Stewart hydrodynamics [11]), transport theory and so
on should be taken in consideration. However, bulk viscosity diverges due to non-conformal
strongly coupled dynamics rather than due to the lengthening of the mean free path. There-
fore, at least in an approximately homogeneous universe, we expect those terms to stay
small [34].
Driven by a negative effective pressure, the universe acquires a cosmological constant,
a la [44–46]. However, differently from those scenarios, this effective pressure gets large,
dominating pressure and energy density (eq. 9), thus, closely matching the dynamics of the
Inflation era until T ≤ Tc.
The duration of Inflation depends on the Nc in SU(Nc), since ζ(T ) (Fig.3) will maintain
the peak value of Tc for the whole mixed phase, that is, approximately N
2
C in energy density.
Therefore, one can choose a convenient Nc to achieve an appropriate number of efoldings.
As soon as T < Tc, the SU(Nc) plasma freezes out into a self-interacting gas of heavy
glueballs (mg ∼ ΛYM) whose entropy content (eq. 6) is much smaller than the entropy of
the standard model sector and whose bulk viscosity goes as ζ/s ∼ T/m ≪ 1 [32]. Hence,
Inflation naturally stops and the energy-matter content of the dark sector gets transferred
to non-relativistic and non-interacting massive glueballs, which compose dark matter.
B. Implementation
The usual Friedmann equations are simply the continuity equation and Einstein’s equa-
tion for an isotropic and homogeneous background. As such, the only dynamical value is
the scale factor of the universe a(t) and non-gravitational dynamics is provided by the equa-
tion of state and the transport coefficients. Numerically, it is usually convenient to write
those expressions in conformal time (τ) coordinates rather than locally Minkowski time (t)
coordinates. The two are related by:
10
τ =
∫
dt
a(t)
,
da
dτ
= a′ (10)
In these coordinates, the FRW equations [1] are:
a′2 + ka2 = 2αea4 (11)
a′′ + ka = α (e− 3p) a3 (12)
where α = 8πG/3 and G is the gravitational constant. Bulk viscosity turns the effective
pressure with respect to local time into:
pef → p− ζ
1
a
da(t)
dt
(13)
These equations are usually analytically or semi-analytically solvable for a simple equa-
tion of state, such as p = c2se or at least a polytrope p = Ce
n. However, for us, as seen
in sections IIA and IIB, this is not the case, especially considering the effect of bulk vis-
cosity. Nevertheless, these equations can be put into a form amenable to simple numerical
integration.
Defining the non-local Hubble constant, one can transform equation 11 into an algebraic
one:
f =
a′
a
, a =
√
f 2 + k
2αe
(14)
which, after some reshuffling, becomes:
e′ = −3f(e+ pef)
f ′ = 1
2
(
e−3pef
e
)
(f 2 + k)− k − f 2
pef = p− 3ζe
3/4 f
a
+ e
3
(15)
These equations can be solved numerically using the equation of state in IIA, constructed
by interpolating lattice data from [13], and a bulk viscosity of II B, modelled by a Gaussian
function, to get the number of efoldings in terms of the parameters of the bulk viscosity
peak.
We note that the position of the peak is a free parameter of the theory. The height
and the width, however, should be calculable from first principles, for example from lattice
11
simulations. Nevertheless, in this work, we treat them as free parameters because we want
to examine the relationship between these quantities and the inflationary dynamics. Such
a study is important in case future lattice calculations determine the precise shape of this
peak, in which case our inflationary model may be falsifiable.
IV. BULK VISCOSITY-DRIVEN INFLATION
The results of the numerical calculations, which formed the bulk of the computational
work in [14], are summarized in Fig. 4 and Fig. 5. As Fig. 4 shows, the time evolution of
the effective pressure follows the pattern summarized in section IIIA. At the approach of the
bulk viscosity peak the effective pressure becomes negative, stays negative for an amount of
time monotonically dependent on the peak’s height, and then resumes expansion, returning
to be positive.
However, for values below the critical value of height A ≃ 0.37, the universe enters a
never-ending Inflation phase, which is quite different from the “eternal Inflation” of [42]
and, unlike it, incompatible with the present universe.
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FIG. 4. The effective pressure as the function of conformal time, for different peak heights of the
bulk viscosity Gaussian function.
We define the number of efoldings N as:
N =
∫ tf
ti
a˙
a
dt =
∫ τf
τi
a′
a
dτ (16)
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To compare existing limits on N from standard model inflationary theory, we numerically
find the duration of the bulk viscosity peak in conformal time and calculate it for this period.
The result confirms that the number of efoldings depends in a diverging way on the peak’s
height A. Initially, N increases approximately exponentially with A but, as this quantity
approaches a critical value, an arbitrary number of efoldings can be obtained, converging to
a never-ending Inflation.
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FIG. 5. The number of efoldings as a function of the height of the peak in bulk viscosity, for several
peak widths as a percentage of the height
The existence of this phase, which mirrors the original problems with the latent heat-
driven Inflation of [4], is actually not so surprising. We remember that the physical action of
viscosity is to convert “work” (the expansion of the universe) into “heat” (entropy density)
and the rate of this conversion is proportional to ζ(∂s)2 [32]. We also note that, in a
curved spacetime, energy is conserved only “locally”, while the FRW equations control
global dynamics. Hence, if homogeneity is imposed, it is not surprising that, for a high
enough peak entropy, energy creation is stronger than the exponential expansion of the
universe, triggering an Inflation epoch that never ends.
The appearance of a hot eternal Inflation, however, diminishes the naturalness appeal
of our model, especially since the height of the peak is only a free parameter due to our
ignorance. It remains to be seen how natural it is the obtaining of finite Inflation with
respect to the expected height of the ζ/s peak.
13
The dynamics described here is only weakly dependent on the width of the peak, as Fig.
5 shows. However, it strongly depends on the relative location of Tc with respect to the
Planck scale, the essential reason why the QCD based model of [41] did not work.
To study this dependence, the only free parameter of the model is ec, since Tc ∼ ΛYM
and the equation of state has been rewritten such that p(e), turning its dependence with
temperature implicit. We varied ec/eplanck ∼ ecG
2 in the interval [10−5, 1], where, qualita-
tively, the equivalent curves to Fig. 4 look similar, differing only on a shift in the position
of the bulk viscosity peak, this is, the conformal time at which the effective pressure gets
negative. This different location affects the number of efoldings approximately linearly, as
shown in Fig. 6 in a logarithmic scale. Note that its shape is qualitatively similar to that
of Fig. 5.
In the continuum limit of Nc, under the ’t ’Hooft scaling, and assuming that the peak
height is proportional to N2c , one can conclude that the number of efoldings N ≥ O (10)
implies a constraint on Nc and ΛYM . This constraint together with the calculation of the
abundance of dark matter (i.e. glueballs) should make our theory falsifiable. This will be
discussed in the next section.
V. DISCUSSION, CHALLENGES AND PROSPECTS
Given a successful evasion of the never-ending Inflation issue outlined in the previous
section, the next phenomenological challenge for our model would be a successful description
of the current dark matter abundance.
From the Lagrangian in Eq. 2 it is clear that the interaction of dark matter particles is
local on a scale of ΛYM and, in the ’t Hooft limit, it gets suppressed by N
−2
c . At T < Tc, the
glueballs become weakly self-interacting and come out of equilibrium, so one cannot trust
the calculation of the equation of state in the previous section from the end of deconfinement
onwards.
However, one can functionally think of the gas of glueballs as a “dust” of conserved
particles, this is, a distribution of non-relativistic and non-interacting massive particles.
Assuming an ideal equation of state for standard model matter (energy density eS, pressure
14
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FIG. 6. The number of efoldings as a function of the height of the peak in bulk viscosity for several
peak positions as a fraction of the planck energy density. The top figure represents a zoomed-in
version of the bottom one
pS = eS/3, degeneracy gS), the equations 15 of the last section can be appended by:
e = mhn+ eS , p =
e
1/4
S
gSmh
n+
1
3
eS , eS ∼ gST
4 (17)
Where n for glueballs’ number density. We also add a conservation equation for the number
density of glueballs:
dn
dτ
= fn+O
(
1
N2c
(
T
ΛYM
)n≥4)
(18)
where the last term vanishes rapidly after the deconfinement phase transition, since we do
not expect scattering and annihillation of glueballs to be sizeable in the confined phase.
15
We note that dark matter density at its formation should increase monotonically, n(T =
Tc) ∼ N
2
cΛ
3
YM , since dark matter mass density should be comparable to energy density
at deconfinement. In the previous section, however, we saw that, in Inflation, Nc and
ΛYM are also correlated for a fixed number of efoldings. Our model, therefore, predicts a
correlation between the number of efoldings and the dark matter abundance which is in
principle testable. These equations will be examined in a forthcoming publication.
The gas of glueballs naturally tracks the perturbations that formed in the inflationary
era. While the usual source of perturbations - quantum fluctuations of the inflaton field [2] -
are inapplicable here, hydrodynamic instabilities could provide an alternative mechanism for
generating fluctuations, since it has been shown [35] that the Hubble hydrodynamic solution
is unstable against small perturbations. Furthermore, provided that the scale separation
between the macroscopic Hubble factor a˙/a and the microscopic bulk viscosity ζ/(sT ) is
wide enough, these perturbations could have a scale-free spectrum, based on Kolmogorov’s
arguments [47].
Since the glueballs are heavy, weakly self-interacting and, by assumption, flavourless, its
gas naturally plays the role of the sinks of cold dark matter assumed in ΛCDM cosmology.
To complete our model’s scenario, we mention that a residual interaction between glueballs
might have a role in the constitution of dark energy explaining why it switched on only
recently. For a weakly coupled massive gas, η/s ≫ 1, but the relaxation time is also large,
η/(Ts) ≫ a˙/a. Hence, the shear viscosity will have a large turn-on time and it will only
appear long after the formation of the glueballs. Quantitatively, this could be implemented
by solving the FRW equations with Israel-Stewart dynamics [11] and adding the Israel-
Stewart equation for Π:
pζ → p−Π , τpi
(
Π˙ + Π
a˙
a
)
+Π = 3ζ
a˙
a
(19)
with τpi ∼ η/(Ts) ∼ ΛYMN
2
C/T . In this context, large enough ΛYM and Nc might explain a
late switch on of dark energy. Finally, we should mention that a non-zero θ parameter [48]
associated with the dark sector could in principle account for baryogenesis. It would lead
to Eq. 1 being augmented by a term of the form ∼ θTra
[
ǫαβµνF
αβ
a F
µν
a
]
and a suppressed
interaction between the standard model and the dark sector.
In conclusion, in this work we have argued that some ideas developed in quark-gluon
plasma physics when extended to a hypothetical Yang-Mills theory without flavours and with
16
a transition scale in the TeV range, can unify apparently unrelated features of the standard
cosmological model such as Inflation and dark matter. We have shown that Inflation due to
the bulk viscosity peak at deconfinement can reproduce the required number of efoldings.
Nevertheless, avoiding a hot never-ending Inflation phase might require some fine-tuning.
We have listed the cases capable of falsifying our model and the potential ways this scenario
could attempt to explain the standard features of our universe: dark matter, perturbations,
dark energy and baryogenesis. We hope quantitative progress on the points listed above will
confirm whether this scenario is phenomenologically viable.
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